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TWO-PHASE FLOW IN COALBEDS 
by 
Fred N. K i s s e l l  and John C. Edwards2 
ABSTRACT 
Experimental  work by the  Bureau of Mines i n d i c a t e s  t h a t  when a  coalbed i s  
degassed by bo reho l e s ,  t he  flow of methane may a c t u a l l y  i n c r e a s e  w i th  t ime. 
This  phenomenon appears  t o  be t h e  r e s u l t  of a  r e l a t i v e - p e r m e a b i l i t y  e f f e c t ;  
t h a t  i s ,  t he  coalbed pe rmeab i l i t y  t o  t he  gas  i n c r e a s e s  sha rp ly  w i th  decreas ing  
water  s a t u r a t i o n .  This  r e p o r t  reviews t he  background of exper imental  evidence 
i n d i c a t i n g  a  r e l a t i ve -pe rmeab i l i t y  e f f e c t ,  and p re sen t s  t h e  r e s u l t s  of a  
computer s imu la t i on  of two-phase flow i n  c o a l .  
INTRODUCTION 
A major c h a r a c t e r i s t i c  of coalbed permeabi l i ty  i s  t h a t  t he  measured 
permeabi l i ty  t o  methane appears  t o  i n c r e a s e  w i t h  t ime. This  was f i r s t  
r epo r t ed  by K i s s e l l  (6) ,3 who found t h a t  reg ions  of a  coalbed ad j acen t  t o  
o l d e r  a r e a s  of a  mine were cons iderab ly  more permeable than  reg ions  ad jo in ing  
f r e s h l y  mined a r e a s .  Seve ra l  f a c t o r s  could account f o r  t h i s .  One i s  
"des t r e s s ing , "  t he  r e l a x a t i o n  r e s u l t i n g  from the  s t r a t a  movements t h a t  
accompany mining (13). Another i s  t he  c o a l  shr inkage r e s u l t i n g  from t h e  l o s s  
of methane (8).  However, the  most probable  exp l ana t i on  i s  a  r e l a t i v e -  
pe rmeab i l i t y  e f f e c t  i n  which t he  flow of methane i s  c o n t r o l l e d  i n  p a r t  by t he  
degree of coalbed wate r  s a t u r a t i o n ;  the  permeabi l i ty  t o  methane i nc r ea se s  a s  
t he  wate r  i n  t he  coalbed decreases  and makes more pore space a v a i l a b l e  t o  t h e  
gas phase.  This  assumption was based on observa t ion  of the  v a r i a t i o n s  i n  gas 
and wate r  flow from boreholes  d r i l l e d  h o r i z o n t a l l y  i n t o  t h e  c o a l .  
This  Bureau of Mines r e p o r t  p r e sen t s  t h e  background of exper imental  
evidence f o r  a  permeabi l i ty  change caused by l o s s  of w a t e r ,  and d i s cus se s  t he  
r e s u l t s  of a  computer s imu la t i on  of two-phase f low i n  coalbeds.  Although the  
r e l a t i v e - p e r m e a b i l i t y  concept i s  somewhat novel  t o  flow through coa lbeds ,  i t  
has been employed ex t ens ive ly  by the  petroleum i n d u s t r y .  
l P h y s i c a l  r e sea rch  s c i e n t i s t .  
P h y s i c i s t .  
3 ~ n d e r l i n e d  numbers i n  paren theses  r e f e r  t o  i tems i n  t h e  l i s t  of r e f e r ences  
a t  t he  end of t h i s  r e p o r t .  
BACKGROUND 
K i s s e l l  used coalbed g a s - p r e s s u r e  curves  t o  e s t i m a t e  gas  p e r m e a b i l i t y .  
F i g u r e  1 s h m s  two curves  o b t a i n e d  from a  v e r y  deep mine i n  t h e  Pocahontas 
No. 3 coa lbed  ( 5 ) .  These p r e s s u r e s  were determined by d r i l l i n g  h o r i z o n t a l  
h o l e s  i n t o  t h e  working f a c e  o r  r i b  of a  development s e c t i o n .  The h o l e s  were 
immediate ly  s e a l e d  w i t h  i n f l a t a b l e  packers  s o  t h a t  no  gas  d r a i n e d  from t h e  
c o a l .  The gas  p r e s s u r e  i n  t h e  open s p a c e s  between t h e  packers  soon reached  
e q u i l i b r i u m ,  which was assumed t o  r e p r e s e n t  t h e  t r u e  gas  p r e s s u r e  i n  t h e  
coa lbed  b e f o r e  d r i l l i n g .  For  t h e  c a l c u l a t i o n ,  t h e  coa lbed  was assumed t o  be  
a  homogeneous s l a b ,  t o  which a  s imple  one-dimensional  , u n s t e a d y - s t a t e  f  orm 
of t h e  Darcy e q u a t i o n  was a p p l i e d .  The upper cu rve  i n  f i g u r e  1 was o b t a i n e d  
from a  h o l e  d r i l l e d  i n t o  a  r i b  t h a t  had been  mined 15 days b e f o r e ;  t h u s ,  t h e  
r i b  had been exposed f o r  15 days p r i o r  t o  d r i l l i n g  and packing.  The c a l c u -  
l a t e d  p e r m e a b i l i t y  f o r  t h i s  r e g i o n  of t h e  coa lbed  was 0.57 md. The lower 
curve  was ob ta ined  from a  h o l e  d r i l l e d  i n t o  a  r i b  t h a t  had been exposed f o r  
180 days p r i o r  t o  d r i l l i n g  and pack ing ;  t h e  c a l c u l a t e d  p e r m e a b i l i t y  f o r  t h i s  












FIGURE 1. - Gas pressure curves from two regions in  a deep mine in the Pocahontas No. 3 
coalbed (5). 
I n  the  same mine, a  drainage hole d r i l l e d  i n t o  the working face emit ted 
7,260 f t 3  /day of methane and 72 gal /day of water  f o r  s eve ra l  days a f t e r  
d r i l l i n g .  However, on the  s i x t h  day ,  t he  gas flow rose  t o  7,960 f t3/day and 
the  water  flow f e l l  t o  48 gal /day.  This suggested t h a t  the permeabil i ty  
increase  was a  re la t ive-permeabi l i ty  e f f e c t .  
Subsequently, Zabetakis (l5) made a survey of r i b  emissions i n  a  gassy 
mine i n  the  P i t t sburgh  coalbed. For t h i s  purpose, a  s tandard v e n t i l a t i o n  
survey was made a t  a  working face i n  a  development sec t ion .  The r e t u r n  airway 
was then followed f o r  s eve ra l  thousand f e e t ,  and the  methane concent ra t ion  
was measured a t  100-foot i n t e r v a l s .  The r i b  survey was adjacent  t o  s o l i d  
coa l .  The coalbed a l s o  contained seve ra l  gas and o i l  wel l s  ( f i g .  2 ) .  
Zabetakis found t h a t  although the  we l l s  were con t r ibu t ing  more than h a l f  of 
t he  methane, a f t e r  the  da ta  on the  e f f e c t s  of t h e  we l l s  were cor rec ted  o u t ,  
the  r i b  emission was su rp r i s ing ly  cons tant .  This meant t h a t  100 f e e t  of r i b  
FIGUKE 2. - Area of invest igat ion in  Zabetakis study (15). - 
c lose  t o  the  working face  and f r e s h l y  exposed by mining was emi t t i ng  methane 
a t  the  same r a t e  a s  a comparable 100-foot length seve ra l  thousand f e e t  from 
the face  and exposed f o r  many months. I f  t he  r i b  permeabil i ty  t o  methane were 
c o n s t a n t ,  t h i s  could not  have occurred s ince  o lde r  r i b s  would y i e l d  consider-  
ab ly  l e s s  methane than f r e s h l y  exposed r i b s .  Zabetakis  concluded t h a t  the 
methane permeabi l i ty  of the o lder  r i b  was h igher  because of a  decrease i n  the 
water  conten t  of t he  coa l .  















I e c t  , Fie lds  (3-4) descr ibed  a  v i r g i n  a r ea  of the P i t t s -  burgh coalbed degas i f i ed  
through a  large-diame t e r  
borehole d r i l l e d  i n t o  the  
coa l  from the su r f ace .  A t  
coalbed leve 1, the borehole 
was enlarged t o  a  small  room. 
- 
From t h i s  room, e i g h t  3-inch- 
diameter ho les  were d r i l l e d  
i out ho r i zon ta l ly  about 600 
f e e t  i n t o  the coalbed i n  a  
- r a d i a l  fash ion  s i m i l a r  t o  766 days - - I 
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FlGUFiE 4. - Gas and water f low ra tes  for the large- 
diameter borehole (4). 
I I 
curves a r e  shown i n  f i g -  
ures  3-4. 
1 
I n  the f i r s t  40 days ,  
the pressure  a t  the end of 
the  packed hole  f e l l  from 
203 ps ig  t o  11 p s i g ,  a  
f a c t o r  of 18. However, the 
methane flow from the o ther  
seven holes  f e l l  from 
1,121,000 f t3 /day  t o  444,000 
f t 3  /day, a  f a c t o r  of only 
2.5.  Af t e r  40 days ,  the  
pressure  s t a b i l i z e d  i n  the 
range of 10 t o  13 p s i g ,  but  
the  flow began t o  r i s e .  A t  
400 days,  i t  was s l i g h t l y  i n  
excess of 700,000 f t 3  /day. 
A f t e r  t h i s ,  i t  decl ined 
u n t i l  a t  500 days an  exhaust- 
ing compressor was connected 
by the gas company, which 
regula ted  the  gas flow. 
a t  a  r a t e  t h a t  va r i ed  i n  a  
manner s i m i l a r  t o  t h a t  of 
the  pressure .  I n i t i a l l y  i t  
was 43 gal/min f o r  a l l  seven 
ho le s ;  a f t e r  40 days i t  was 
l e s s  than 7 gal/min, "and 
subsequently i t  s t a b i l i z e d  
a t  about 3.5 gal/min. 
6,000 
Another experimenta 1 
method f o r  degasifying a  
coalbed i n  advance of mining 
i s  t o  d r i l l  a  number of 
small-,diameter v e r t i c a l  bore- 
holes  i n t o  the coalbed. 
Duel (2) reported r e s u l t s  
obtained wi th  53 such ho le s ,  
I  I  I 
I ' I I I I I I I I I  I n  a d d i t i o n  t o  the  gas ,  
I Tzo water flowed from the  holes  
TIME,  months most of them d r i l l e d  i n t o  
Appalachian coa ls .  Since 
FIGURE 5. - Gas and water emission curves for a vertical t he  holes  were cased and 
borehole drilled into a coalbed (2). cemented above the  c o a l ,  a l l  
gas and water produced by 
the  holes  came from the coal-  
bed. A t y p i c a l  flow curve 
f o r  one of these  holes  ( f i g .  5 )  shows t h a t  the  gas flow r i s e s  only a s  the 
c o a l  i s  dewatered; over a  period of about 1-1/2 y e a r s ,  a  very s u b s t a n t i a l  
amount of water  i s  removed from the coa l .  Thus a  re la t ive-permeabi l i ty  e f f e c t  
i s  aga in  indica ted .  
The r i s i n g  methane flow r a t e s  reported by Fie lds  and Deul seem 
,to r u l e  out  any e f f e c t s  due t o  s t r a t a  movements and subsequent d e s t r e s s -  
ing .  No mine was nearby. Only small-diameter holes  were d r i l l e d  i n t o  the 
coalbed and, although the re  was some des t r e s s ing  near  each h o l e ,  i t  i s  un l ike ly  
t h i s  dould produce the  long-term changes i n  f igu res  3-5. The r i s i n g  methane- 
emission r a t e  common during the  mining of coa l  (2, Z) occurs because the  mining 
machine exposes f r e s h  coa l  a s  it d igs  forward; t h i s  i s  an e n t i r e l y  d i f f e r e n t  
phenomenon than  t h a t  involved wi th  r i s i n g  flows from boreholes.  
COMPUTER SIMULATION OF TWO-PHASE FLOW 
Under a  Bureau of Mines c o n t r a c t ,  Intercomp Resource Development and 
Engineering developed a t h e o r e t i c a l  computer model f o r  methane flow i n  coal-  
beds (10). I t s  c a p a b i l i t i e s  include t h e  following: 
1. Two-dimensional, low-Reynolds-number, laminar (Darcy) flow; 
2.  PVT p rope r t i e s  a s  funct ions of pressure-v iscos i ty ,  d e n s i t y ,  and 
compress ib i l i ty  f a c t o r s  ; 
3. Single-phase gas flow and two-phase flow of methane and water ;  
4. Var iab le  r e s e r v o i r  p r o p e r t i e s  such a s  p o r o s i t y ,  permeabi l i ty ,  
t h i c k n e s s ,  and e l e v a t i o n s ;  and 
5. A mwing boundary t o  s imula te  the  advancing working f ace  of t h e  
mine. 
I n  previous a p p l i c a t i o n s  of t h e  model (ll), only t he  s ingle-phase p a r t  
of the  program was used t o  any degree.  The two-phase p a r t  of t h e  computer 
code r equ i r ed  a l a r g e r  amount of i npu t  d a t a ,  inc lud ing  the  r e l a t i v e  permea- 
b i l i t i e s  of water  and g a s ,  c a p i l l a r y  p r e s s u r e s ,  and i n i t i a l  water  s a t u r a t i o n .  
Because none of t he se  d a t a  were a v a i l a b l e ,  and because the  s ingle-phase p a r t  
of t h e  computer code a l r eady  had many v a r i a b l e s ,  i t  was f e l t  t h a t  pursuing 
t h e  two-phase work would n o t  be meaningful.  
More r e c e n t l y ,  however, d a t a  on r e l a t i v e  permeabi l i ty  and c a p i l l a r y  
p re s su re  have been obtained f o r  c o a l  (L, l2, l4) , and the  unique r i s e  i n  gas 
flow has been noted by F i e l d s  and by Deul. This suggested t h e  the  e f f o r t  
spen t  i n  s imula t ing  two-phase flow would be worthwhile.  
Three major c h a r a c t e r i s t i c s  were noted i n  the  experimental  f i e l d  s t u d i e s :  
1. Gas coalbed p re s su re s  i n  t he  v i c i n i t y  of t he  mine f a l l  more qu ick ly  
than  those  expected f o r  cons tan t  gas permeabi l i ty  (k) ,  
2. Rib gas  emissions remain h igher  than  those expected f o r  cons tan t  gas  
permeabi l i ty  (15) , and 
3 .  Borehole gas flow r a t e s  i nc rease  and then  pass  through a maximum, 
sometimes a f t e r  a n  i n i t i a l  decrease  (2-3). 
The f i r s t  and second c h a r a c t e r i s t i c s  r e q u i r e  some e s t ima te  of what was 
expec ted ,  which i s  of t e n  d i f f i c u l t .  Because the  l a s t  c h a r a c t e r i s t i c  r ep re sen t s  
an  unequivocal t e s t  of a two-phase e f f e c t ,  an  a t tempt  was made t o  s imulate  
i n c r e a s i n g  gas f low,  which then  passes  through a maximum. 
The flow i s  i n i t i a t e d  and maintained by t h e  pressure  d i f f e r e n c e  between 
t h e  gas i n  the  e n t r y  (atmospheric) and t h e  gas i n  the  c o a l  seam. The gas 
(water)  f l &  r a t e  i s  p ropor t i ona l  t o  t h e  product of gas (water)  r e l a t i v e  
permeabi l i ty  and t h e  p re s su re  g rad i en t .  This  i s  formally expressed by 
Darcy ' s  law: 
where K = abso lu t e  pe rmeab i l i t y ,  
Kr w = water  r e l a t i v e  pe rmeab i l i t y ,  
J&. , = gas  r e l a t i v e  p e r m e a b i l i t y ,  
u g  (w > = gas (wa te r )  v i s c o s i t y ,  
p g  ( 1  = gas  (wa te r )  d e n s i t y ,  
V = gas  (wa te r )  v e l o c i t y  a t  average  f l w i n g  p r e s s u r e ,  and t h e  f low 
p o t e n t i a l s  a r e  d e f i n e d  by 
where P, ( w )  = gas  (wa te r )  p r e s s u r e ,  
G = a c c e l e r a t i o n  due t o  g r a v i t y ,  
and z = h e i g h t  of gas-water c o n t a c t .  
It i s  s e e n  from e q u a t i o n s  1 and 2 t h a t  t h e  r e l a t i v e  p e r m e a b i l i t i e s  
&, and Y w  w i l l  i n f l u e n c e  t h e  f low r a t e s .  They a r e  f u n c t i o n s  of t h e  w a t e r  
s a t u r a t i o n ,  which changes w i t h  t ime.  T h i s  makes them l i k e l y  causes  o f  a  
nonmonotonic d e c r e a s e  i n  f low r a t e s .  Because on ly  r e l a t i v e - p e r m e a b i l i t y  
e f f e c t s  on t h e  gas  f low r a t e  were t o  be i n v e s t i g a t e d ,  t h e  model was r e s t r i c t e d  
t o  a  homogeneous coa lbed  w i t h  f low i n  one dimension.  Otherwise ,  t h e  same 
procedures  used by P r i c e  (11) were used.  
F ive  c a s e s  were s t u d i e d .  The f i r s t  t h r e e  were i d e n t i c a l  i n  a l l  r e s p e c t s  
e x c e p t  f o r  t h e  i n i t i a l  wa te r  s a t u r a t i o n .  The r e l a t i v e - p e r m e a b i l i t y  and 
c a p i l l a r y - p r e s s u r e  d a t a  used was r e p o r t e d  by Taber (l4) f o r  P i t t s b u r g h  c o a l  
a t  a  s i m u l a t e d  overburden p r e s s u r e  of 600 p s i .  F igure  6  g i v e s  t h e  d r a i n a g e  
curves  f o r  t h e  r e l a t i v e  p e r m e a b i l i t y  of gas  and w a t e r .  The c a p i l l a r y - p r e s s u r e  
curve was r e p r e s e n t e d  by t h r e e  l i n e a r  segments ( f i g .  7 ) .  Other p h y s i c a l  
p r o p e r t i e s  s e l e c t e d  t o  d e f i n e  t h e  coa lbed  system were a s  f o l l o w s :  
Water v i s c o s i t y  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 .8  cp 
Gas v i s c o s i t y  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.0125 cp  
Water d e n s i t y .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  62.4 l b / f t 3  
Gas d e n s i t y  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  50 l b / ~ f t ~  
Water c o m p r e s s i b i l i t y  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3 ~ 1 0 ~ ~  v o l / v o l / p s i a  
Rock c o m p r e s s i b i l i t y  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7X1OW6 v o l / v o l / p s i a  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Res idua l  gas s a t u r a t i o n .  0.225 
I r r e d u c i b l e  wate r  s a t u r a t i o n  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.55 
Gas r e l a t i v e  pe rmeab i l i t y  a t  connate  
wate r  s a t u r a t i o n .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.68 
Water r e l a t i v e  pe rmeab i l i t y  a t  
r e s i d u a l  gas s a t u r a t i o n .  ................................................ 0 .1  
Average temperature  i n  mine e n t r y  ..................................... 540" R 
Average p r e s su re  i n  mine e n t r y  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  14.7 p s i a  
I n i t i a l  gas  p r e s su re  ................................................ 400 p s i a  
Absolute  pe rmeab i l i t y  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.5 md 
P o r o s i t y .  . . . . .  
Width of c o a l  s e c t i o n .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  400 f t  
Height ................................................. s e c t i o n .  
Depth of c o a l  s e c t i o n .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  I n f i n i t e  
Grid spac ing  .......................................................... 440 f t  
Time s t e p  f o r  computation . . . . . . . . . . . .  0.025 day f o r  t h e  per iod  0  t o  0 .1  day 
0 .1  day f o r  t he  pe r i od  0 . 1  t o  5  days 
0.25 day f o r  t he  per iod  5  t o  15 days 
1 .0  day f o r  t h e  pe r i od  15 t o  30 days 
days f o r  t h e  per iod  30 t o  200 days 
4 .0  days f o r  t h e  per iod  200 t o  360 days 
WATER SATURATION, S, 
WATER SATURATION, S, 
FIGURE 6. - Gas and water re la t ive-perre-  FIGURE 7. - Capi l lary-pressure curve used 
ab i l i t y  curves used in  corn- in  computer model (u. 
puter model (UJ. 
I n  t he  Bureau of Mines computer model, the i n i t i a l  water  s a t u r a t i o n  i s  
determined by spec i fy ing  the  he igh t  of the  gas-water con tac t .  T h i s ,  i n  t u r n ,  
s p e c i f i e s  t he  i n i t i a l  r e l a t i ve -pe rmeab i l i t y  va lues  i n  f i g u r e  6  and the  i n i t i a l  
gas and water  flow r a t e s .  
Figure 8  g ives  t h r e e  methane flow curves4 computed wi th  the Bureau of 
Mines model f o r  a  c o a l  mine face  400 f e e t  wide by 8  f e e t  high i n  a  coalbed 
i n i t i a l l y  pressur ized  t o  400 p s i .  Only t he  i n i t i a l  water  s a t u r a t i o n  v a r i e s  
( f i g .  8 ) .  I n  case 1, the  gas flow r a t e  i s  apprec iab le  a t  f i r s t  , then  i t  
decreases  monotonically wi th  t ime. The i n i t i a l  water  s a t u r a t i o n  was 0.7660, 
and the  i n i t i a l  r e l a t i v e  permeabi l i ty  t o  methane was about  0.072. 
I n  case  2 ,  t he  i n i t i a l  water  s a t u r a t i o n  i s  s l i g h t l y  h igher  a t  0.7748; 
t h u s ,  t he  i n i t i a l  gas r e l a t i v e  permeabi l i ty  i s  reduced from 0.072 t o  0.0016. 
This i n  t u r n  s u b s t a n t i a l l y  reduces t he  i n i t i a l  gas f law r a t e .  However, 
i n s t e a d  of dec reas ing ,  t he  gas f law r a t e  i nc reases .  This happens because t he  
i nc rease  i n  gas r e l a t i v e  permeabi l i ty  caused by a  l o s s  of water  from the  c o a l  
i s  more t han  s u f f i c i e n t  t o  counterac t  the  decrease i n  flow caused by a  
p re s su re  l o s s  (equat ions 1 t o  4 ) .  The gas flow r a t e s t e a d i l y r i s e s  t o  a  maximum 
a t  86 days and then  f a l l s .  
TIME, days 
FIGURE 8. - Methane f low curves for three hypothet ica l  cases w i t h  d i f fe rent  i n i t i a l  water 
saturat ions.  
 he curves i n  f i gu re s  8  and 10 have been smoothed. Each curve a l s o  had 
s e v e r a l  minor peaks and v a l l e y s  t h a t  dev ia ted  about 10 or 15 percent  from 
the  smoothed curve shown. 
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FIGURE 9. - Gas relative-permeability curves and initial 
water saturation for cases 1-5. 
- 
- 
nit~al water saturation = 0 . 7 7 4 8  
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In  case 3 ,  the water 
sa turat ion i s  even higher a t  
0.7777, and gas r e l a t i ve  
permeability i s  zero. As a 
r e s u l t ,  no gas flow occurs 
u n t i l  74 days, whereupon 
enough water has drained out 
tha t  the gas r e l a t i ve  permea- 
b i l i t y  can begin t o  r i s e .  
I n  case 3 ,  a  d i s t i n c t  maxi- 
mum i s  obtained a t  160 days. 
Since minor changes i n  
i n i t i a l  water sa turat ion 
apparently have such large 
e f f ec t s  on the methane flow 
curves, other parameters 
were varied t o  assess t h e i r  
e f f ec t .  Moderate s h i f t s  i n  
the capillary-pressure and 
water relative-permeability 
curves caused l i t t l e  change 
i n  the methane flow r a t e ;  
however, the slope of the 
lower end of the gas 
relative-permeability curve 
was c r i t i c a l .  
Figure 9 gives the gas 
relative-permeability curve 
used i n  a l l  f ive  cases. I n  
case 4 ,  the slope of the gas 
relat ive-permeabil i ty curve 
i s  increased; i n  case 5 .  i t  
i s  decreased. I n  both 
instances,  the i n i t i a l  water 
sa tu ra t ion  i s  0.7748, 
s imilar  t o  case 2. For com- 
parison, the i n i t i a l  water 
sa turat ions  fo r  cases 1-3 
are  a lso  shown. 
Figure 10 gives the 
methane flow curves computed 
1 I I I I I , from the Bureau of Mines 
0 5 0  100 150 2 0 0  2 5 0  3 0 0  
TIME, days 350 model. Cases 2,  4 ,  and 5 
FIGURE 10. - hiethane flow curves for three hypothetical a re  shown, since they a l l  
have the same i n i t i a l  water 
cases w i t h  gas relat ive-permeabil ity curves sa turat ion.  When the slope 
of different slope. 
of the relat ive-permeabil i ty curve i s  increased,  the methane flow maximum i s  
higher and occurs e a r l i e r  . 
It i s  c l e a r  tha t  changes i n  r e l a t i v e  permeability and i n i t i a l  water 
s a t u r a t i o n  can explain the increase i n  the methane flow r a t e .  The r e l a t i v e -  
permeability e f f e c t  takes place over an extremely small range of water sa tura-  
t i o n s ,  a t  l e a s t  f o r  the homogeneous system postulated f o r  the computer model. 
Systems t h a t  have i n i t i a l  water sa tu ra t ions  i n  t h i s  c r i t i c a l  range or higher 
w i l l  exh ib i t  a  maximum i n  the methane flow r a t e .  
ANALYSIS OF PRODUCTION HISTORY 
Wells d r i l l e d  i n t o  gas sands f o r  na tu ra l  gas have emission r a t e s  t h a t  
decline with t ime,  and peaks a re  not  observed. However, where the na tu ra l  
gas i s  produced from a  "gas drive" o i l  reservoir  by the method of pressure 
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FIGUKE 11. - Water f l ow  and gas-water ra t i o  ca lcu la ted by the Bureau o f  Mines model for c a s e  2. 
d e p l e t i o n ,  a r i s i n g  methane emiss ion  due t o  two-phase e f f e c t s  may be observed.  
Muskat (2, p. 462) g i v e s  some p r o d u c t i o n  h i s t o r i e s  of e a r l y  gas -dr ive  o i l  
r e s e r v o i r s  t h a t  were produced "wide open," and were u n a f f e c t e d  by wi thdrawal  
r e s t r i c t i o n s ,  a f r e e - g a s  c a p ,  gas  i n j e c t i o n ,  o r  w a t e r - d r i v e  a c t i o n .  These 
show a r i s e  i n  t h e  g a s - o i l  r a t i o  a s  t h e  p r e s s u r e  i n  t h e  r e s e r v o i r  d e p l e t e s .  
S i n c e  t h e  o i l  p roduc t ion  from a s i n g l e  w e l l  f a l l s  monoton ica l ly  i n  such a 
c a s e ,  a peak i n  t h e  g a s - o i l  r a t i o  may correspond t o  a peak i n  t h e  gas  f low.  
I n  c o a l b e d s ,  t h e  l i q u i d  phase be ing  produced i s  w a t e r  and n o t  o i l .  A l s o ,  
t h e  methane g a s  i s  adsorbed i n  t h e  c o a l  and n o t  d i s s o l v e d  i n  t h e  l i q u i d  phase .  
However, i t  may be t h a t  t h e s e  d i f f e r e n c e s  a r e  n o t  v e r y  c r i t i c a l  and t h a t  much 
t h e  same s o r t  of two-phase e f f e c t s  a r e  t a k i n g  p l a c e .  
F i g u r e  11 g i v e s  t h e  w a t e r  f low and t h e  gas-water r a t i o  c a l c u l a t e d  by t h e  
Bureau of Mines model f o r  c a s e  2. The gas-water  r a t i o  peaks a t  100 days .  
F igure  12 g i v e s  t h e  gas-water  r a t i o  t aken  from ~ i e l d s '  pub l i shed  gas  and 
w a t e r  f lows f o r  t h e  l a rge-d iamete r  boreho le  (A). No peak s i m i l a r  t o  t h a t  i n  
f i g u r e  11 o r  t h e  gas  f low curve i n  f i g u r e  4 was observed;  a t  most t h e r e  i s  a 
f l a t t e n i n g  of t h e  gas-water  r a t i o  curve i n  t h e  r e g i o n  o f  400-500 days.  A t  
l e a s t  f o r  a n a l y t i c a l  purposes ,  t h e  e x h a u s t i n g  compressor was i n s t a l l e d  a t  
a n  u n f o r t u n a t e  t ime. 
0 100 200 300 400 500 600 700 800 
TIME, days 
FIGURE 12. - Gas-water ratio from Fields large-diameter multipurpose borehole (4). 
C ONCLUS I ONS 
The Bureau of Mines model f o r  two-phase flow of methane and water  i n  
coalbeds can  be used t o  s imula te  a maximum i n  t he  methane-emission r a t e  from 
a f ace  t h a t  i s  no t  bc ing  mined. Experimental da t a  obtained by F i e l d s  and by 
Deul show t h a t  such a maximum e x i s t s  i n  flow from boreholes .  A rough 
s i m i l a r i t y  e x i s t s  between r e s u l t s  obtained a t  the  large-diameter  borehole  
and those obtained a t  e a r l y  gas-dr ive o i l  we l l s  produced wide open. 
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